The bipartite geminiviruses bean golden mosaic virus (BGMV), cabbage leaf curl virus (CabLCV), and tomato golden mosaic virus (TGMV) exhibit differential tissue tropism in Nicotiana benthamiana. In systemically infected leaves, BGMV remains largely confined to vascular-associated cells (phloem-limited), whereas CabLCV and TGMV can escape into the surrounding mesophyll. Previous work established that TGMV BRi, the noncoding region upstream from the BR1 open reading frame (ORF), is required for mesophyll invasion, but the virus must also contain the TGMV AL23 or BL1/BR1 ORFs. Here we show that, in a BGMV-based hybrid virus, CabLCV AL23 also directed efficient mesophyll invasion in conjunction with TGMV BRi, which suggests that host-adaptation of AL23 is important for the phenotype. Cis-acting elements required for mesophyll invasion were delineated by analyzing BGMV-based hybrid viruses in which various parts of BRi were exchanged with those of TGMV. Interestingly, mesophyll invasion efficiency of hybrid viruses was not correlated with the extent of viral DNA accumulation. In conjunction with TGMV AL23, a 52-bp region of TGMV BRi with sequence homology to DNA A was sufficient for mesophyll invasion. This 52-bp sequence also directed mesophyll invasion in combination with the TGMV BL1/BR1 ORFs. Overall, these results are consistent with a model for mesophyll invasion in which AL2 protein, in association with host factors, acts through the 52-bp region in TGMV BRi to affect expression of the BR1 gene.
INTRODUCTION
Among animal-infecting viruses, the determinants of tissue tropism are frequently virion proteins that interact with specific receptors on the surface of host cells (Tyler and Fields, 1996) . In contrast, plant viruses are generally thought to spread symplastically through plasmodesmata that connect adjacent cells (reviewed by Carrington et al., 1996) . Despite the absence of an obvious extracellular phase during their movement through the host, plant viruses can exhibit distinct tissue tropism. A classically recognized tissue-specific infection pattern is that of phloem-limitation, in which virus infection is confined to cells within the vascular bundle. In contrast, mesophyll-invasive viruses are able to escape from the vascular system in systemically infected leaves. Although plant virus tissue tropism has a long history of descriptive study, only recently has work been initiated to elucidate the underlying molecular mechanisms (reviewed by Nelson and van Bel, 1998; Santa Cruz, 1999) .
Phloem-limitation of a plant virus infection could conceivably arise in several different ways. One possibility would be that the movement proteins cannot function in mesophyll cells, or are unable to mediate the initial escape from the vascular system into the mesophyll. Second, virus exit from the vascular bundles in a leaf may only be possible prior to the sink-source transition (Roberts et al., 1997) . Consequently, a virus that moved inefficiently through the vascular system might remain phloem-limited because it missed this window of opportunity to transport into the mesophyll of systemically infected leaves. Recently, another alternative mechanism for phloem-limitation based on putative tissue-specific host defense responses was proposed (Voinnet et al., 1999) , although this model has yet to be verified experimentally (Savenkov and Valkonen, 2001 ). Not only are there a variety of possible underlying mechanisms, but also in at least some cases plant virus tissue tropism can be altered dynamically by factors such as environmental conditions (Ding et al., 1999) , or the developmental stage of the host (Wang et al., 1996) .
Bipartite geminiviruses in the genus Begomovirus provide an ideal system with which to study genetic determinants of plant virus tissue tropism. Viruses that are closely related genetically, such as tomato golden mosaic virus (TGMV) and bean golden mosaic virus (BGMV), nevertheless exhibit distinct tissue tropism in a common host plant . The genome of each virus comprises two circular DNA molecules, designated A and B, between which are distributed several homologous open reading frames (ORFs) and noncoding regions (NCRs) (Fig. 1) . Proteins encoded by DNA A are involved in replication (AL1, AL3) and encapsidation (AR1) of the viral genome, while those encoded by DNA B (BL1, BR1) are required for its cell-to-cell movement. It is generally accepted that BR1 is required for intracellular movement of viral DNA between the nucleus and the cytoplasm (Sanderfoot et al., 1996) and that BL1 functions at the cell periphery to mediate intercellular movement (Noueiry et al., 1994) . Specific interaction between BL1 and BR1 is necessary for cell-to-cell movement (Sanderfoot and Lazarowitz, 1995; Schaffer et al., 1995) , but other details of the process remain controversial. Bipartite geminiviruses also encode a protein, AL2, which functions to up-regulate expression of the AR1 (coat protein) and BR1 (movement protein) genes Bisaro, 1992, 1997) . The NCRs on each genome component contain cis-acting elements required for DNA replication and gene expression and comprise a common region (CR) together with unique sequences, ARi, BRi, and BLi, that lie between CR and the ORFs (Fig. 1) .
Both BGMV and TGMV can infect Nicotiana benthamiana, but only TGMV is well adapted to this host . In systemically infected leaves BGMV is phloem-limited, while TGMV is mesophyll-invasive . The determinants of this differential tissue tropism were analyzed using hybrid viruses in which homologous genome fragments were exchanged between BGMV and TGMV. Viruses that remained phloem-limited in systemically infected leaves nevertheless were able to replicate in and spread between mesophyll cells in directly inoculated leaves. Consequently, phloem-limitation in this system likely represents a specific block to virus movement at the level of escape from the vasculature. Three regions of the TGMV genome contribute to mesophyll invasion: the BRi NCR is essential, but it must be present in combination with either the AL23 ORFs or the BL1/BR1 ORFs . Genetic complementation further showed that the contribution of the AL23 ORFs is mediated by the AL2 protein. Mesophyll invasion also required optimal interaction between the BR1 and BL1 proteins, which implicates a direct role for cell-to-cell movement in determining the phenotype. To accommodate these genetic results, it was proposed that mesophyll invasion requires a critical threshold of BR1 protein activity. Under the control of promoter elements contained within TGMV BRi, the putative threshold could be attained either through intrinsically greater activity of the TGMV BR1 protein in comparison to BGMV BR1 or through an increased efficiency of gene expression mediated by the TGMV AL2 protein.
In the previous study, a role in determination of tissue tropism was established for TGMV BRi and AL2, which contribute, respectively, cis-and trans-acting functions required for BR1 gene expression (Sunter and Bisaro, 1992) . However, because TGMV is much better adapted to N. benthamiana than is BGMV, it remained unclear whether these results reflected virus-specific interaction between TGMV BRi and AL2, or host-specific adaptation of these elements individually . In an attempt to distinguish between these alternatives, here we investigated the host adaptation and contribution to tissue tropism of the AL23 ORFs from cabbage leaf curl virus (CabLCV), a distinct bipartite geminivirus that is well-adapted to N. benthamiana. Additionally, we used hybrid viruses to more precisely define the presumptive cis-acting sequences within the TGMV BRi NCR that are required to direct mesophyll invasion.
RESULTS

CabLCV efficiently invades the mesophyll of N. benthamiana
It was shown previously that a BGMV-based hybrid virus with TGMV BRi was phloem-limited in N. benthamiana if the virus contained the BGMV AL23 region, but mesophyll-invasive if it contained the TGMV AL23 region . Because the hybrid virus was mesophyll-invasive only when it contained both AL23 and BRi from TGMV, this observation could indicate that the efficiency of interactions between the AL23 region and the BRi NCR is affected in a virus-specific manner. Alternatively, because TGMV is well-adapted to N. benthamiana, whereas BGMV is not, the result could indicate that better host-adaptation of the TGMV AL23 region is responsible for directing mesophyll invasion in the presence of TGMV BRi. Potentially, these alternative explanations could be distinguished by analysis of another bipartite geminivirus that is well-adapted to this host but not obviously more closely related to TGMV than to BGMV. Sequence comparisons indicated that CabLCV met the latter condition (data not shown), and as judged by the criteria of symptom severity and high levels of viral DNA accumulation, CabLCV is well-adapted to N. benthamiana (Hill et al., 1998) . However, the tissue tropism of CabLCV in this host had not previously been described.
To determine the tissue tropism of CabLCV in N. benthamiana, plants were inoculated by microprojectile bombardment with plasmids containing partial tandem dimers of the CabLCV A and B DNA components. Systemic infections were allowed to develop, and at 14 days postinoculation (dpi) tissue samples were taken from strongly symptomatic leaves two nodes below the apex of the plant. Leaf tissue was fixed in paraformaldehyde, sectioned, and subjected to DNA in situ hybridization with a digoxigenin (DIG)-labeled RNA probe complementary to the virion-sense strand of the CabLCV A component. Incubation of the probe with tissue sections from uninfected control plants showed no nonspecific labeling ( Fig. 2A) , whereas numerous infected cells including many in the mesophyll could be distinguished in sections made from CabLCV-infected plants (Fig. 2B) . Previously, the mesophyll invasion efficiency exhibited by different viruses in systemically infected N. benthamiana leaves was determined by counting virus-infected cells and characterizing them as vascular-associated (companion cells, parenchyma, or bundle sheath cells) or mesophyll (spongy or palisade cells). When this analysis was applied to CabLCV, the examination of only five tissue sections allowed us to unambiguously identify 414 virus-infected cells, of which 130 were vascular-associated (ϳ31%) and the remaining 284 were in the mesophyll (ϳ69%). Consistent with results obtained previously , a parallel examination of sections from TGMV-infected control plants revealed that of 414 virus-infected cells, 306 were in the mesophyll (ϳ74%). Thus, CabLCV can invade the mesophyll of systemically infected N. benthamiana leaves, and its mesophyll invasion efficiency does not differ significantly from that of TGMV (P Ͼ 0.05 by 2 test).
The CabLCV AL23 region is host-adapted
In addition to its accessory role in mesophyll invasion, the AL23 region of TGMV could individually confer on a BGMV-based hybrid virus (BT-AL23) increased adaptation to N. benthamiana (Gillette et al., 1998) . To determine whether host-adaptation of TGMV and CabLCV was similar in this respect, we replaced the BGMV AL23 region with that from CabLCV to generate a BGMV-based hybrid DNA A component (BC-AL23). The viability of the hybrid DNA component was tested by coinoculation of N. benthamiana with BC-AL23 and wild-type BGMV DNA B. Infected plants developed small, pale chlorotic lesions on inoculated leaves, and mottling and mild epinasty of upper leaves. These symptoms were similar to those induced by BT-AL23, the equivalent BGMV-based hybrid virus that contained the TGMV AL23 region. Analysis by Southern hybridization of DNA extracted from systemically infected leaves showed that BC-AL23 and BT-AL23 also accumulated to a similar extent when coinoculated with wild-type BGMV B (Fig. 3) . It was shown previously that BT-AL23 accumulated approximately fourfold more DNA than wild-type BGMV (Gillette et al., 1998) . Analysis of systemically infected leaves by DNA in situ hybridization revealed Ͻ3% mesophyll cells among all those infected by BC-AL23 (Fig. 2C) . Similar results were also obtained for BT-AL23 in this study (data not shown) and previously . Thus, the CabLCV AL23 region is similar to that of TGMV in conferring increased adaptation to N. benthamiana on a BGMVbased hybrid virus without altering its phloem-limited tissue tropism.
Host-adaptation of the AL23 region contributes to mesophyll invasion
Although BT-AL23 remains phloem-limited when coinoculated with wild-type BGMV B, it is able to efficiently invade the mesophyll of systemically infected N. benthamiana leaves when coinoculated with BT-BRi, a BGMV-based hybrid DNA B component with the TGMV BRi NCR . To test whether the similarity between BT-AL23 and BC-AL23 also extended to this phenotype, each hybrid A component was coinoculated to N. benthamiana with BT-BRi. Plants infected with BT-AL23 plus BT-BRi developed relatively severe symptoms consisting of large chlorotic lesions on inoculated leaves and vein yellowing, interveinal chlorosis, and distortion of upper leaves. In contrast, plants infected with BC-AL23 plus BT-BRi developed only mild symptoms, similar to those induced by BC-AL23 when coinoculated with wild-type BGMV B. Southern hybridization of extracts from systemically infected leaves revealed that the severity of induced symptoms was correlated with the extent of viral DNA accumulation in each case (Fig. 3) . The accumulation of BC-AL23 was similar whether it was coinoculated with a B component containing BGMV BRi (wild-type BGMV B) or one containing TGMV BRi (BT-BRi). In contrast, the accumulation of BT-AL23 was increased when it was coinoculated with BTBRi. Despite their differences in relative viral DNA accumulation and symptom severity when coinoculated with BT-BRi, DNA in situ hybridization revealed that BC-AL23 and BT-AL23 nevertheless were able to invade the mesophyll of systemically infected leaves with similar efficiency. For BC-AL23 plus BT-BRi, 138 of 273 (ϳ51%) unambiguously identified virus-infected cells were in the mesophyll (Fig. 2D ). Consistent with previous results for BT-AL23 plus BT-BRi , 276 of 501 virus-infected cells were found in the mesophyll (ϳ56%). Mesophyll invasion efficiencies when coinoculated with BT-BRi were not significantly different for BC-AL23 and BT-AL23 (P Ͼ 0.05 by 2 test). Thus, host-specific adaptation of AL23 may contribute to efficient mesophyll invasion in this system.
BGMV-based hybrid viruses with recombinant BRi sequences
Although the AL23 or BL1/BR1 ORFs act as accessory factors, the presence of TGMV BRi is essential for mesophyll invasion by BGMV-based hybrid viruses in systemically infected leaves of N. benthamiana . We wished to determine whether the ability to direct mesophyll invasion could be mapped to a subset of the sequences contained in TGMV BRi. Comparison of BRi sequences between BGMV and TGMV revealed that they differ almost completely and only a few common elements could be identified. Namely, a conserved stem-loop structure that delimits the minimal replication origin (Orozco et al., 1998) , and CCAAT-and TATA-box sequence motifs. A prominent, unique feature of TGMV BRi is the presence of a 52-bp region with sequence homology to the AL1 gene (depicted by solid diamonds in Fig. 1 ). Specifically, DNA B nucleotides 297-348 have 88% identity to DNA A nucleotides 1789-1840 (Hamilton et al., 1984) . The potential contribution of this AL-homology region to mesophyll invasion was selected for further investigation.
To facilitate analysis of the TGMV BRi sequence, it was arbitrarily divided into 5Ј-proximal (T5), AL-homology (AL), and 3Ј-proximal (T3) regions (Fig. 4) . The BGMV BRi sequence was also divided into a 5Ј-proximal region (B5) of approximately similar size to T5, and a 3Ј-proximal region (B3) which corresponded approximately to the combined size of the AL-homology region (52-bp) and T3 (Fig. 4) . The genotypes of the wild-type BRi sequences could then be described as T5[AL]T3 for TGMV, and B5[ ] B3 for BGMV. Site-directed mutagenesis was used to separately introduce a unique MluI restriction site at either the T5-AL or AL-T3 junction in BT-BRi, the BGMV- Note that these hybrid B components differ from wildtype BGMV only in the sequence of BRi, and for clarity they will be referred to here only by their recombinant BRi genotype.
Different features of BRi determine viral DNA accumulation and mesophyll invasion
Each of the BGMV-based BRi recombinants was viable and able to infect N. benthamiana systemically when coinoculated with BT-AL23, a BGMV-based hybrid A component with the TGMV AL23 region (Fig. 5) . However, the symptoms that were induced, as well as the extent of viral DNA accumulation, differed depending on the sequence composition of BRi (Table 1) . Pairwise comparisons suggested that 5Ј-proximal sequences of BRi contributed the most to efficient viral DNA accumulation. Specifically, all recombinants with T5 accumulated more efficiently than the otherwise equivalent recombinants that had B5. It was also noted that BRi recombinants with T3 accumulated more efficiently if they also contained the AL-homology region than if they did not, whereas those with B3 accumulated more efficiently if they did not contain the AL-homology region (Table 1) . Because the arbitrarily determined size of B3 approximately equals that of T3 plus the 52-bp AL-homology region (Fig. 4) recombinants it is ϳ52 bp larger than normal. Thus, the overall size of the NCR, or the spacing of the remaining sequence elements, may be important for optimal DNA accumulation by BRi recombinant viruses.
Systemically infected leaves were also analyzed by DNA in situ hybridization to evaluate the tissue tropism of the BRi recombinants when they were coinoculated with BT-AL23. Representative results of DNA in situ hybridization are illustrated for hybrid viruses with each of the six possible recombinant BRi genotypes (Fig. 6 ). Quantitative identification of virus-infected cells in these and many similar tissue sections revealed that BRi recombinants differed in their relative efficiencies of mesophyll invasion when coinoculated with BT-AL23 (Table 2) . From comparison of these results it is clear that, in the presence of TGMV AL23, the AL-homology region of TGMV BRi is necessary for efficient mesophyll invasion. All BRi recombinants with the AL-homology region were mesophyll-invasive in systemically infected leaves, while those which lacked this sequence were unable to escape efficiently from the vascular system. The difference between average mesophyll invasion efficiencies of hybrid viruses with genotypes X5[AL]X3 (50.8%) and X5[ ]X3 (6.6%) was highly significant (P Ͻ 0.0001 by Student's t test). It was noteworthy that in B5[AL]B3, insertion of the AL-homology region into an otherwise wild-type BGMV BRi was sufficient to confer a mesophyll-invasive phenotype (Fig. 6) . However, although the AL-homology region is the primary determinant of mesophyll invasion in TGMV BRi, 5Ј-proximal and 3Ј-proximal sequences can also contribute to the phenotype. BRi recombinants, which lack the AL-homology region, were poorly mesophyll invasive (Table 2 ). In contrast, the BRi recombinant B5[AL]B3, which was able to efficiently invade the mesophyll, had the lowest level of viral DNA accumulation of any hybrid virus tested (Table 1) . Furthermore, comparison of the relative symptom severity associated with the various BRi recombinants revealed that it was closely correlated with the efficiency of viral DNA accumulation (Table 1) , but was not correlated with mesophyll invasion.
The 52-bp AL-homology region of TGMV BRi also directs mesophyll invasion in combination with the TGMV BL1/BR1 ORFs A BGMV-based hybrid virus with the complete sequence of TGMV BRi can invade the mesophyll if it also contains either the AL23 region or the BL1/BR1 ORFs of TGMV . Since the analysis of hybrid viruses with recombinant BRi sequences revealed that the AL-homology region was the primary determinant of mesophyll invasion in combination with TGMV AL23, we wished to determine whether it could also function in this capacity when combined with TGMV BL1/BR1. The recombinant BRi sequence B5[AL]B3 was c Induced symptoms were recorded on directly inoculated, and upper, systemically infected leaves. For ease of comparison with viral DNA accumulation, symptom severity on systemically infected leaves was also rated on an arbitrary scale (ϩ, least severe; ϩϩϩϩ, most severe).
introduced into a BGMV-based hybrid B component with the TGMV BL1/BR1 ORFs (BTLR) to generate a double hybrid, BTLRϩAL. The BRi recombinant B5[AL]B3, the hybrid BTLR, and the double-hybrid BTLRϩAL were each coinoculated to N. benthamiana with wild-type BGMV DNA A. No symptoms were observed on the upper leaves of plants inoculated with any of the three hybrid viruses, but Southern hybridization of DNA extracted from such leaves at 14 dpi showed that for each, systemic infections had developed (Fig. 7) . When systemically infected leaves were analyzed by DNA in situ hybridization, the double-hybrid BTLRϩAL was found to invade the mesophyll, while as expected the single hybrids B5[AL]B3 and BTLR were phloem-limited (Table 3) . The efficiency of mesophyll invasion by BTLRϩAL, the double hybrid with the BRi AL-homology region and TGMV BL1/BR1 ORFs, was significantly above the background level of the single hybrids (Table 3) , but it was lower than the efficiency of mesophyll invasion conferred by the complete TGMV BRi sequence in combination with TGMV BL1/BR1 . Thus, although the AL-homology region of TGMV BRi is able to direct mesophyll invasion in combination with the TGMV BL1/BR1 ORFs, these results suggest that optimal efficiency may require other features of the complete TGMV BRi NCR. 
DISCUSSION
The adaptation of TGMV to N. benthamiana is apparent from the high levels of viral DNA accumulation in infected tissues, the severity of the symptoms induced, and the ability of the virus to spread extensively into the mesophyll of systemically infected leaves. Mesophyll invasiveness could be conferred on a BGMV-based hybrid virus by the TGMV BRi NCR in combination with the TGMV AL23 region . In this study, we found that efficient mesophyll invasion could be genetically separated from viral DNA accumulation and symptom severity, which cosegregated. Sequence changes in either BRi or the AL23 region revealed the effect. For BGMV-based hybrid viruses with TGMV BRi, the presence of TGMV AL23, but not CabLCV AL23, resulted in increased levels of viral DNA accumulation and symptom severity. Nevertheless, viruses with either AL23 region were able to efficiently invade the mesophyll. For BGMV-based hybrid viruses with TGMV AL23, the presence of the AL-homology region in BRi was necessary for efficient mesophyll invasion, whereas T5 and the size and/or spacing of other elements in BRi were the principal determinants of DNA accumulation efficiency and symptomatology. Since they can be genetically separated, mesophyll invasion and viral DNA accumulation/symptomatology must represent distinct aspects of host-adaptation in this system. An association between symptom severity and the accumulation of geminiviral DNA, particularly that of the B component, has been noted previously (Frischmuth et al., 1993; Hou et al., 1998; Hung and Petty, 2001; Unseld et al., 2000) . In addition, the lack of correlation between mesophyll invasion and symptomatology we observed is consistent with the ability of phloem-limited geminiviruses to cause symptoms in the surrounding mesophyll (Horns and Jeske, 1991) .
The extent of viral DNA accumulation in infected tissues is a function of DNA replication in individual cells and the number of cells that become infected. Although AL1 mutations may cause cell type-dependent DNA accumulation phenotypes (Kong et al., 2000) , the hybrid A component BT-AL23 has a wild-type BGMV AL1 protein and replication origin and would be expected to replicate efficiently in all cell types. Thus, when coinoculated with various BRi recombinants, the accumulation of BT-AL23 DNA should be proportional to the number of infected cells. Since all the BRi recombinants encoded wild-type BGMV movement proteins, differences in the accumulation of coinoculated BT-AL23 DNA most likely reflects differences in movement protein gene expression. Effects on BR1 expression would be anticipated because BRi contains proximal elements of the BR1 gene promoter (Sunter and Bisaro, 1992) , but decreased replication or cell-to-cell movement of DNA B could also affect BL1 expression.
If viral DNA accumulation depends on the number of infected cells, at first sight it may seem counterintuitive that this phenotype can be genetically separated from mesophyll invasion. However, even an aggressive, mesophyll-invasive virus such as TGMV infects only a small proportion of all the potentially available cells in a leaf. So, it is reasonable to suppose that a phloem-limited virus that accumulates DNA efficiently is simply one that can readily infect numerous vascular-associated cells. This phenotype could result from enhanced movement through, or exit from, the sieve tubes, enhanced movement between adjacent vascular-associated cells, or some combination of these effects. For clarity we will refer to this simply as efficient vascular movement. In contrast, mesophyll invasion requires that the virus has the capability to efficiently cross the bundle sheathmesophyll cell boundary . A virus that lacked factors for efficient vascular movement, but retained those required for mesophyll invasion, would be able to infect relatively few cells, although a significant proportion of those infected might be in the mesophyll. To explain the genetic data, we therefore propose that the determinants of viral DNA accumulation efficiency and mesophyll invasion that we have identified correspond to factors required for efficient viral movement, either within the vascular system, or between bundle sheath cells and mesophyll cells, respectively. A corollary of this interpretation is that tissue tropism in this system is not determined simply by kinetic differences in virus systemic movement in relationship to the transport window into mesophyll cells afforded prior to the sinksource transition (Roberts et al., 1997) .
Three distinct genetic elements of TGMV have been implicated in determining mesophyll invasion: namely, the BRi NCR and the AL23 or BL1/BR1 ORFs . A model for the underlying mechanism that incorporated all three elements was proposed. It was hypothesized that a threshold of BR1 protein activity was necessary for mesophyll invasion. With host-adapted elements of the BR1 gene promoter contained in TGMV BRi, the putative threshold could be reached either by increased host-adaptation of the BR1 protein itself or by increased BR1 gene expression mediated by a hostadapted AL2 protein. The results of the present study are consistent with this model and also allow some refinements to be proposed. In accordance with the modular structure of plant promoters (reviewed by Singh, 1998) , it is plausible that the AL-homology region and T5 sequences of TGMV BRi confer distinct patterns of gene expression on the BR1 promoter through their ability to recruit cell type-specific DNA binding proteins from the host. Because mesophyll-invasive viruses can efficiently cross the bundle sheath-mesophyll cell boundary, while phloem-limited viruses cannot, the AL-homology region may function specifically in bundle sheath cells. In contrast, T5 and other elements of the BR1 promoter collectively function in other vascular cell types, as well as in nonvascular cells. In addition to conferring basal activity on the BR1 promoter in various cell-types, host proteins bound to distinct regions of BRi could mediate activation of the promoter through specific protein-protein interactions with AL2 (Sung and Coutts, 1996; Hartitz et al., 1999) . Analogous tissue-specific variation in promoter activity and interaction with the AL2 protein has been reported for the TGMV AR1 promoter (Sunter and Bisaro, 1997) . With the inclusion of these refinements, the resulting extended model can account for the tissue tropism and DNA accumulation phenotypes of all the hybrid viruses analyzed in this study.
Previously, a sequence termed the conserved late element (CLE), which is found in the AR1 and/or BR1 promoters of several bipartite geminiviruses including TGMV, was shown to confer a degree of AL2-responsiveness when inserted into a heterologous promoter (RuizMedrano et al., 1999) . However, neither CabLCV nor BGMV contain recognizable CLEs. Even so, the BGMV AR1 and BR1 promoters can be trans-activated by TGMV AL2 protein, and vice versa (Hung and Petty, 2001) . Taken together, these results indicate some redundancy between the CLE and other cis-acting sequences which lead, probably indirectly, to the recruitment of AL2. This would be consistent with a modular arrangement for the TGMV BR1 promoter. Within T5 there are two CLE-like sequences, and it is possible that they may contribute to the apparent preference of TGMV BRi for the TGMV AL2 protein over those from BGMV or CabLCV. Interactions between promoter modules can affect not only the tissue-specificity, but also the level of gene expression (Singh, 1998 The 52-bp AL-homology region is present, with only slight sequence variation, in the BRi NCR of two different strains of TGMV (Hamilton et al., 1984; von Arnim and Stanley, 1992) , and both are mesophyll-invasive in N. benthamiana (Saunders et al., 2001) . The high degree of similarity and extent of the sequences suggest that the AL-homology region was introduced into BRi by recombination with DNA A. This probably occurred in a recent progenitor of TGMV since the AL-homology region of BRi is unique to the TGMV strains among all bipartite geminiviruses sequenced to date. Because the AL-homology region in BRi has biological activity not related directly to protein coding, it is tempting to speculate that its counterpart on DNA A may have a similar noncoding role in addition to its function as part of the AL1 ORF. This sequence on DNA A is located upstream from the likely TATA-box for the AL23 transcription unit (Sunter et al., 1989) , although its orientation relative to the ORFs is opposite to that of the AL-homology region in BRi. However, even a long-range interaction with the AR1 promoter is conceivable (Sunter and Bisaro, 1997) , and a noncoding function unrelated to transcription cannot formally be excluded. Although other geminiviruses lack an AL-homology region in BRi, some are mesophyll-invasive in N. benthamiana, for example, CabLCV and bean dwarf mosaic virus (Wang et al., 1996) . Thus, the BRi sequences of these viruses, although dissimilar, may recruit at least a subset of the same host factors utilized by TGMV. This possibility would also be consistent with the ability of CabLCV AL2 to direct mesophyll invasion in combination with TGMV BRi. Further experimentation should reveal whether mesophyll invasion by different bipartite geminiviruses indeed has a common underlying mechanism.
MATERIALS AND METHODS
Virus isolates
Current taxonomic designations of the viruses used in this study were assigned according to van Regenmortel et al. (2000) . TGMV refers to a cloned isolate of Tomato golden mosaic virus from Brazil represented by the plasmids pBH401 (DNA A) and pBH604 (DNA B) (Hamilton et al., 1983) . Based on nucleotide sequence similarity and biological properties, this isolate belongs to strain "yellow vein" (von Arnim and Stanley, 1992) . BGMV refers to a Guatemalan isolate of Bean golden mosaic virusPuerto Rico represented by the plasmids pGAA1 (DNA A) and pGAB1 (DNA B) (Gilbertson et al., 1991) . CabLCV refers to a cloned isolate from Florida of a distinct bipartite geminivirus that has been named in the literature as cabbage leaf curl virus, although not yet recognized with formal species status (van Regenmortel et al., 2000) , and is represented by the plasmids CabLCV A/pBS (DNA A) and CabLCV B/pGEMEX-1 (DNA B) (Hill et al., 1998) . Note that results obtained with individual cloned virus isolates cannot necessarily be extrapolated to all other isolates assigned to their respective species.
Recombinant viral DNA components
Plasmids containing partial tandem dimers of wildtype viral DNA components, and BGMV-based hybrids containing TGMV BRi (BT-BRi), the TGMV AL23 ORFs (BT-AL23), or the TGMV BL1/BR1 ORFs (BTLR), were described previously (Table 4) . A BGMV-based hybrid A component with the CabLCV AL23 ORFs (BC-AL23) was constructed for this study. A 492-bp fragment of the AL23 ORFs with flanking SalI (5Ј) and BstBI (3Ј) restriction sites was amplified from pCLCVA.003 by the polymerase chain reaction (PCR) and cloned into topoisomerase-activated pCR2.1 vector (Invitrogen). The SalI-BstBI fragment containing the CabLCV AL23 ORFs was then used to replace the equivalent region of BGMV in pGA1.2AB (Gillette et al., 1998 ) and the resulting plasmid, which contained a See BGMV B partial tandem dimer of BC-AL23 DNA, was designated pBC-AL23. Plasmids containing partial tandem dimers of BGMVbased hybrid B components with recombinant BRi sequences were also constructed for this study. Plasmid pGTBRSS, containing BT-BRi, a BGMV-based hybrid with TGMV BRi, in a derivative of the pNEB193 vector (New England Biolabs) was described previously (Hung and Petty, 2001 ). Prior to site-directed mutagenesis, a bacteriophage f1 replication origin was introduced into the vector sequences of pGTBRSS by exchange of the 1118-bp BglI fragment with the equivalent 1267-bp BglI fragment from pZf19R (Mead et al., 1986) . The resulting plasmid was designated pZfGTBRSS. Site-directed mutagenesis was conducted on dU-containing singlestranded DNA of pZfGTBRSS and pGA1.2BXSR, which has wild-type BGMV BRi , as described previously (Petty et al., 1989) . Recognition sequences for MluI were introduced into BRi at the locations shown in Fig. 4 to create three restriction site mutants: pZfGTBRSS-Mlu(a), pZfGTBRSS-Mlu(b), and pGA1.2BXSR-Mlu. Plasmids containing partial tandem dimers of BGMV-based hybrid B components with recombinant BRi sequences were constructed as follows. A plasmid containing a partial tandem dimer of BTLRϩAL, a BGMV-based hybrid B component with the TGMV BL1/BR1 ORFs and the recombinant BRi sequence B5[AL]B3, was constructed by replacement of the KpnI-SnaBI fragment comprising BR1, BL1, BLi, and CR of pGA1.2BٌBT-AL with its equivalent from pGTLR2, a BGMV-based DNA B hybrid that contains the TGMV BL1/BR1 ORFs . The resulting plasmid was designated pGTLRϩAL.
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